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Abstract 

Discharge  properties  of  more  than  40  Li-LiCoCL  solid-state  thin-film  batteries  with  cathode  film  thickness  from  50  nm  to  4  pm  have  been 
examined  with  respect  to  the  lithium  diffusion  in  the  cathode.  For  all  but  the  thinnest  cathodes  or  very  low  current  densities,  the  discharge 
capacity  from  4.2  to  3.0  V  is  limited  by  the  lithium  diffusivity  in  LLC0O2  and  the  ultimate  formation  of  a  resistive  layer  at  the  interface  as  x 
approaches  1 .0.  Measurements  of  the  equilibrium  open  circuit  potential  and  ac  impedance  upon  deep  discharge  support  this  model.  Promoting 
a  higher  diffusion  for  the  0.96  <  x  <  1.0  phase  would  greatly  enhance  the  energy  achievable  by  the  thin-film  batteries.  The  lithium  diffusion 
rate  in  the  cathode  films  is  observed  to  be  sensitive  to  subtle  variations  in  the  synthesis  conditions  when  crystallized  at  temperatures  <700  °C. 
©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Many  thin-film  batteries  with  crystalline  LiCo02  cath¬ 
odes  have  been  prepared  at  Oak  Ridge  National  Laboratory 
for  a  wide  variety  of  investigations  and  applications  [1-6]. 
For  many  cells,  the  discharge  results  span  three  orders  of 
magnitude  in  current  density.  Overall,  the  thickness  of  the 
cathode  films  span  two  orders  of  magnitude,  giving  specific 
interface  areas  from  0.05  to  4  m2/g.  Except  for  differences  in 
the  crystallographic  texture  and  grain  size,  X-ray  diffraction 
(XRD)  scans  indicate  that  all  of  the  films  are  single  phase 
with  the  expected  high  temperature  phase  (R3m,  PDF 
16-0427).  Other  groups  have  also  investigated  thin  films 
of  LiCo02  [7-12],  but  to  our  knowledge,  all  results  cover  a 
narrower  current  range  and  are  limited  to  films  <1  pm  thick. 
Because  our  unique  set  of  results  is  free  of  the  many  of  the 
usual  complications  due  to  binders  or  additives,  solid  elec¬ 
trolyte  interface  (SEI)  reaction  layers,  and  appreciable  aging 
and  self-discharge  effects  that  are  encountered  for  more 
conventional  cathodes  and  electrolytes,  we  have  collected 
the  results  of  more  than  40  batteries  and  propose  to  evaluate 
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them  in  terms  of  the  current  understanding  of  the  diffusion  of 
lithium  in  the  Li  vCo02  phases. 

From  published  experimental  [4,7,13,14]  and  theoretical 
[15]  investigations  of  the  lithium  transport  in  crystalline 
LivCo02,  the  following  consensus  emerges;  for  the  compo¬ 
sition  range  0.5  <  x  <  0.75,  the  chemical  diffusivity  ( D)  is 
of  the  order  of  10~"  to  10-9  cm2/s.  Much  higher  values 
have  been  reported,  but  this  is  almost  always  attributable  to  a 
choice  of  geometric  parameters  (interface  area,  diffusion 
distance)  that  neglects  the  permeation  of  the  liquid  electro¬ 
lyte  into  a  porous  particle  or  film  [4,7,9].  With  the  exception 
of  fluctuations  due  to  the  order/disorder  phase  transitions  of 
the  Li  nearx  =  0.5,  D  decreases  with  increasing  x  as  does  the 
thermodynamic  factor,  d(ln  flLi)/d(ln  cLi)  [4].  Within  the 
range  0.75-0.95,  the  cathode  is  comprised  of  two  co-existing 
phases  complicating  attempts  to  extract  diffusivities.  Near 
the  stoichiometric  composition,  x  >  0.96,  D  is  expected  to 
decrease  several  orders  of  magnitude  [16],  although  there 
are  no  clear  experimental  results  in  this  range.  We  anticipate 
that  D  of  the  fully  lithiated  material  may  be  more  sensitive  to 
extended  defects,  impurities,  and  small  variations  in  the 
O/Co  atomic  ratio  than  are  the  Li  deficient  phases. 

2.  Experimental  procedures 

The  thin-film  cathodes  were  prepared  by  rf  magnetron 
sputtering  of  a  LiCo02  ceramic  target  in  an  Ar  plasma 
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(2.7  Pa).  Typical  deposition  rates  were  4-10  nm/m.  Using  a 
bonded  target,  the  sample  remained  below  about  60  °C 
during  the  deposition.  As-deposited,  the  films  are  oxygen- 
rich  and  amorphous  by  XRD.  Subsequent  2  h  heat  treat¬ 
ments  in  flowing  oxygen  at  700  °C  crystallized  the  films  and 
reduced  the  O/Co  ratio  to  2.0  ±0.1  as  measured  by  energy 
dispersive  X-ray  spectroscopy  and  confirmed  by  Rutherford 
backscattering  spectroscopy.  The  uncertainty  in  the  film 
thickness,  which  was  determined  by  both  a  quartz  crystal 
rate  monitor  and  a  stylus  profilometer,  is  typically  ±10%, 
larger  for  submicron  films.  The  thin-hlm  batteries  were 
completed  with  thin-hlm  current  collectors,  the  lithium 
phosphorus  oxynitride  (Lipon)  solid  electrolyte,  a  3  pm 
thick  Li  metal  anode,  and  a  protective  parylene  coating, 
as  described  in  earlier  work  [1-6].  Attempts  to  fabricate 
thin-hlm  cells  with  cathodes  5-10  pm  thick  and  the  Lipon 
electrolyte  have  proven  unsuccessful. 

For  electrochemical  testing,  the  batteries  were  kept  in 
an  inert  atmosphere  at  25  °C.  Cells  were  typically  cycled 
between  4.2  and  3.0  V  versus  the  Li  anode  using  high 
impedance-low  current  channels  of  a  Maccor  4000  battery 
test  system.  Impedance  spectroscopy  was  measured  using  a 
Solatron  1260  analyzer  and  1286  electrochemical  interface. 
The  thin-hlm  batteries  with  a  Lipon  electrolyte  have  a  neg¬ 
ligible  self-discharge  rate  and  an  observed  Coulomb  effi¬ 
ciency  of  100%  following  the  initial  charge,  allowing  the 
batteries  to  be  stored  or  cycled  for  long  periods  of  time  without 
large  changes  in  their  properties.  For  an  open  circuit  voltage 
(OCV)  determination,  the  cell  is  allowed  to  relax  until  the 
change  in  the  voltage  drops  <5  mV  over  a  90  min  period.  Very 
long  equilibration  times  are  sometimes  required,  particularly 
as  x  approaches  1,  in  order  to  determine  the  OCV  following  a 
charge  or  discharge  step. 

3.  Results  and  discussion 

Fig.  1  shows  a  Ragone  presentation  of  the  energy  and 
power  density  as  determined  by  constant  current  discharge 
between  4.2  and  3.0  V  for  three  Li-LivCo02  cells  with 
cathodes  of  different  thickness.  The  values  are  normalized 
by  the  active  area  of  the  battery.  At  low  powers,  the  ener¬ 
gies  match  those  expected  for  the  theoretical  capacity  for 
A.r  =  0.5.  The  results  for  the  three  cells  are  roughly  parallel 
over  the  available  range  of  data  and  approach  values  con¬ 
sistent  with  a  maximum  power.  In  the  case  that  diffusion  in 
the  cathode  is  not  rate  limiting ,  the  cell  resistance  and 
operating  voltage  window  determine  the  maximum  power. 
Values  of  15-40  mW/cm2  would  be  reasonable  for  our 
discharge  range  and  thin-hlm  battery  materials.  For  more 
resistive  cathode  materials,  e.g.  LiMmCU  and  V2Os,  the 
curves  for  different  cathode  thickness  typically  cross  at 
powers  well  below  this  maximum,  as  the  discharge  is 
clearly  limited  by  the  diffusive  transport  in  the  cathode 
and  maximum  power  can  only  be  achieved  with  the  thinnest 
cathodes. 


Fig.  1.  Power  and  energy  per  active  battery  area  for  Li-LiCo02  cells.  The 
cathode  film  thickness  is  indicated.  Each  point  represents  a  constant 
current  discharge  cycle  from  4.2  to  3.0  V. 

The  constant  current  discharge  curves  for  the  thinnest  and 
thickest  cathodes  are  shown  as  the  solid  curves  in  Figs.  2  and 
3.  For  many  cells  with  intermediate  cathode  thickness,  the 
specific  capacity  determined  from  a  low  current  discharge  is 
within  experimental  uncertainty  (±10%)  of  the  theoretical 
value  for  a  dense  film,  69  pAh/(pm  cm2).  Larger  deviations, 
such  as  observed  in  Fig.  2,  may  be  attributable  to  a  lower  film 
density  or  small  variation  in  the  thickness.  The  cell  internal 
resistance  is  typically  determined  near  the  midpoint  of  the 
discharge  as  indicated  by  the  arrows.  As  discussed  in  earlier 
work  [6],  this  resistance  is  Ohmic,  deviating  only  for  the 
highest  current  densities,  and  although  the  resistance  varies 
widely  (100-470  Q  cm2),  it  is  independent  of  the  cathode 
thickness.  Consequently,  the  major  contribution  to  the 
Ohmic  resistance  (/t’ohmi J  has  been  attributed  to  the  sum 
of  the  resistance  of  the  electrolyte  and  interface.  Our  earlier 
work  [6]  failed  to  extract  the  relative  lithium  diffusion 
coefficients  for  the  highly  textured  cathode  films  because 
of  this  large  internal  resistance. 

The  shapes  of  the  discharge  curves  differ  for  cathodes  of 
different  thickness.  For  the  thinnest  cathodes  (Fig.  2),  the 


Fig.  2.  Constant  current  discharge  curves  (solid  lines)  for  a  Li-LiCo02 
cell  with  a  50  nm  thick  cathode.  The  initial  charge  of  the  cell  is  shown  as 
the  dashed  curve.  The  large  circle  highlights  the  discharge  capacity  for  a 
500  pA/cm2  discharge. 
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Fig.  3.  Constant  current  discharge  curves  (solid  lines)  for  a  Li-LiCoOi 
cell  with  a  4  (tm  thick  cathode.  The  initial  charge  of  the  cell  (dashed  curve) 
and  the  equilibrated  OCV  points  (open  circles),  obtained  following  deep 
discharge  steps,  are  also  shown.  The  large  circle  highlights  the  discharge 
capacity  for  a  500  pA/cm2  discharge. 


cell  potential  tends  to  drop  off  at  near  the  same  charge  for 
each  current,  as  one  would  expect  if  the  lithium  equilibration 
in  the  cathode  is  very  fast.  This  is  not  the  case  for  thicker 
cathodes  (Fig.  3).  Also  note  that  the  step  in  the  discharge 
curves  below  ~3.8  V  clearly  have  a  finite  slope  for  the  thin 
cathode;  this  is  especially  apparent  at  the  lowest  current. 
Because  the  observed  OCV  data  points  for  the  4  pm  cathode 
also  reveal  a  sloping  cell  potential,  we  conclude  that  the 
equilibrium  discharge  curve  does  not  reflect  as  large  a 
thermodynamic  factor,  d(ln  aLi)/d(ln  cLi),  as  might  be  sup¬ 
posed  from  the  constant  current  discharge  curves.  From 
these  results,  an  estimated  value  for  the  thermodynamic 
factor  (—Fx/RT)( dV/d.r)  is  «500.  Determination  of  the  OCV 
points  for  the  thick  cathode  (Fig.  3)  was  tedious,  requiring 
relaxation  times  of  roughly  70  h,  and  discharge  steps  down 
to  1  V  in  order  to  maintain  a  current  >1  pA/cm2.  The  likely 
explanation  for  these  observations  is  that  the  lithium  trans¬ 
port  in  the  cathode  becomes  very  slow  for  compositions  of 
x  >  0.96  and  that  formation  of  a  resistive  barrier  at  the 
interface  may  cause  the  premature  termination  of  the  dis¬ 
charge  and  reduced  capacity.  Further  evaluation  of  the 


Fig.  4.  Discharge  capacity  for  selected  cells  between  4.2  and  3.0  V.  The 
capacity  is  normalized  by  the  observe  capacity  measured  at  the  lowest 
current  density  (2-20  pA/cm2).  The  thin-film  cathode  thickness  is 
indicated. 
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Fig.  5.  Discharge  capacity  observed  at  0.5  mA/cm2  for  many  cells  with 
cathodes  annealed  at  700  °C.  The  capacities  are  normalize  by  the  value 
measured  at  20  pA/cm2.  Dashed  lines  are  only  intended  to  guide  the  eye. 


discharge  capacity  ( Q )  as  a  function  of  the  thickness  and 
current  density  is  proving  consistent  with  this  explanation. 

Fig.  4  shows  a  plot  of  the  normalized  discharge  capacity 
as  determined  for  currents  up  to  0.5  mA/cm2  for  selected 
cells  with  different  cathode  thickness.  Clearly  the  magnitude 
of  the  capacity  loss  tends  to  be  larger  for  the  thicker 
cathodes.  (In  an  expanded  publication,  these  results  will 
be  compared  with  calculations  using  the  infinite  series 
solution  of  Fick’s  law  for  constant  flux  at  a  planar  interface.) 
Note  that  the  curves  for  the  0.05  and  2.7  pm  cathodes  appear 
out  of  sequence.  This  is  partially  due  to  the  jog  seen  in  the 
capacities  at  the  lowest  current  densities  which  reflects  the 
approach  to  an  equilibrium  discharge  reaction  at  the  lowest 
current  (see  Fig.  2).  In  Fig.  5,  the  normalized  capacity  taken 
at  a  0.5  mA/cm2  discharge  for  a  much  larger  group  of  cells  is 
plotted  as  a  function  of  the  cathode  thickness.  The  rate- 
limiting  lithium  diffusivity  in  the  cathode  film  is  now  clearly 
evident.  The  thickest  cathodes  can  only  supply  ^70%  of  the 
maximum  capacity,  whereas  ~95%  capacity  is  realized  with 
the  thinner  cathodes.  For  this  plot,  Q0  is  chosen  as  the 
capacity  at  a  20  pA/cm2  discharge.  This  eliminates  some 
of  the  scatter  due  to  the  additional  capacity  and  larger 
uncertainty  for  discharge  at  very  low  currents,  but  there  is 
still  a  large  variation  in  the  behavior  of  the  thicker  cathodes. 

Investigation  of  the  cause(s)  or  correlation(s)  for  the 
variation  in  the  cathode  film  performance  is  still  incomplete, 
but  a  number  of  possibilities  have  been  eliminated  includ¬ 
ing:  /?ohmic  °f  the  cells,  texture  and  grain  size  of  the  cathode, 
O/Co  ratio  within  ±5%,  degree  of  Li  ordering  at  x  =  0.5, 
cathode  film  deposition  rate,  Lipon  deposition  conditions, 
initial  OCV  of  the  fresh  cell,  and  storage  or  cycling  periods. 
The  gap  between  the  best  and  poorer  rate  cathodes  must  be 
attributed  to  subtle,  and  still  unidentified,  difference(s)  in  the 
sputter  deposition  and  crystallization  of  the  cathode  film,  as 
evidenced  by  the  clusters  of  data  for  cells  fabricated  simul¬ 
taneously  from  a  particular  source.  Fig.  6  shows  the  dis¬ 
charge  capacities  observed  for  cells  deposited  from  different 
sources  (A  versus  B)  and  annealed  for  2  h  at  different 
temperatures.  For  each  set,  the  Bragg  X-ray  scattering 
intensity  is  low  for  the  650  °C  annealed  films  and  increases 
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Fig.  6.  Normalized  discharge  capacities  for  Li-LiCo02  cells  with  2.5  pm 
thick  cathodes  deposited  simultaneously  in  the  same  vacuum  chamber,  but 
from  different  magnetron  sources.  The  sources  are  distinguished  as  A 
(circles)  and  B  (squares).  The  annealing  temperature  for  the  cathode  films 
was  varied  from  650  to  800  °C  as  noted. 


Fig.  8.  Observed  (solid  line)  and  estimated  (dashed  lines)  energy  and 
power  densities  for  a  Li-LiCo02  cell  with  a  4.2  pm  thick  cathode. 
Observed  data  is  reproduced  from  Fig.  1 .  Estimated  values  were  obtained 
by  redrawing  the  curves  of  Fig.  3  for  cases  of  enhanced  lithium  diffusivity 
(diamonds)  or  reduced  internal  cell  resistance  (circles).  See  text  for 
additional  information. 


for  higher  anneal  temperatures.  Annealing  the  cathode  films 
at  the  highest  temperature  (800  °C),  effectively  minimizes 
much  of  the  deviation  in  behavior  from  one  deposition  to  the 
next;  however,  as  for  set  A,  800  °C  is  often  beyond  the 
optimum  temperature.  We  hope  ongoing  tests  and  data 
analysis  will:  (i)  pinpoint  the  critical  process  condition  to 
ensure  optimum  cathode  performance;  and  (ii)  resolve  the 
lithium  diffusivity  for  the  grains  and  grain  boundaries  of  the 
cathode  at  each  state  of  discharge. 

Fig.  7  is  an  example  of  the  complex  impedance  measured 
for  a  cell  with  a  2  pm  cathode  equilibrated  at  compositions 
near.r  ~  0.75  and  0.96.  Contributions  of  the  electrolyte  and 
charge  transfer  at  the  interface  total  ~400  Q  cm2.  Lithium 
diffusion  in  the  cathode  is  obviously  lower  in  the  fully 


Fig.  7.  Real  (squares)  and  imaginary  (circles)  components  of  the 
impedance  for  a  cell  equilibrated  at  3.93  V  (open  symbols)  and  at  3.0  V 
(filled  symbols).  Although  held  at  3.0  V  until  the  current  decreased  to 
1  pA/cirr,  the  cell  relaxed  to  an  OCV of  near  3.8  V.  Density  of  data  points 
reduced  for  clarity. 


discharged  condition.  In  addition,  another  dispersion  is 
revealed  at  about  1  Hz  for  the  fully  discharged  cathode.  It 
corresponds  to  ~500  Q,  is  fully  reversible  with  cycling,  but 
only  becomes  evident  after  maintaining  the  cell  potential  at 
3.0  V  until  the  current  decreases  to  <1  pA/cm2.  This  effect 
might  be  attributed  to  the  co-existence  of  the  two  crystalline 
phases  or  perhaps  a  grain  boundary  contribution  to  the 
lithium  transport. 

In  Fig.  8,  we  project  the  changes  in  the  energy  and  power 
at  25  °C  for  the  4. 2-3.0  V  window  that  might  be  realized  by 
improvements  in  either  the  cathode  or  electrolyte.  Esti¬ 
mates  are  shown  as  the  dashed  curves.  In  the  first  case,  the 
diffusion  barrier  that  forms  for  the  thicker  cathodes  as  the 
composition  approaches  the  stoichiometric  phase  with  x 
between  0.96  and  1.0  is  eliminated  permitting  a  near 
equilibrium  discharge.  Using  the  results  of  Fig.  3  for  the 
4.2  pm  film,  the  discharge  energy  and  power  was  estimated 
assuming  that  the  voltage  is  offset  from  the  OCV  curve  by 
the  constant  170  Q  internal  cell  resistance  over  the  full 
discharge  range.  This  gives  an  estimated  energy  for  each 
current  that  far  exceeds  the  observed  value,  up  to  the 
maximum  power  ~20  mW/cm2  for  a  170  Q  cell.  A  reduc¬ 
tion  in  the  internal  Ohmic  resistance  of  the  cell  would  also 
increase  the  energy  and  power.  Assuming  a  thinner  or  more 
conductive  electrolyte,  we  have  estimated  the  energy  and 
power  for  an  almost  10-fold  reduction  in  the  internal  cell 
resistance.  This  enhancement  alone,  however,  would  only 
give  a  relatively  small  improvement  in  the  energy  and  power 
performance  except  for  discharge  at  rates  near  the  max¬ 
imum  power. 

4.  Conclusions 

Although  the  solid  electrolyte  film  and  its  interfaces 
account  for  much  of  the  observed  internal  cell  resistance, 
the  discharge  capacity  is  limited  by  the  diffusivity  of  lithium 
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into  the  cathode.  This  is  most  apparent  for  the  thicker 
LiCoCT  films  as  the  normalized  capacity  decreases  more 
rapidly  with  increasing  current  density.  Impedance  spectro¬ 
scopy,  cell  relaxation  at  open  circuit,  and  the  lowest  current 
discharge  curves  all  indicate  an  increasingly  sluggish  diffu¬ 
sion  near  the  end  of  discharge  as  the  potential  approaches 
3  V.  A  significantly  improved  energy  density  could  be 
realized  by  using  the  thickest  cathodes  possible  and  enhan¬ 
cing  the  lithium  diffusivity  for  the  near  stoichiometric 
composition  (x  ~  1). 

There  is  significant  variability  in  the  cell  performance  that 
is  due  to  subtle  differences  in  the  LiCoOi  film  deposition 
and  high  temperature  crystallization.  Further  investigation  is 
required  to  identify  the  fundamental  causes  of  this  variation 
and  to  further  optimize  the  synthesis.  The  variability  is 
largest  for  cathodes  annealed  at  700  °C  or  less;  annealing 
at  800  °C  gives  more  consistent  results. 
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